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Abstract 
The theoretical detectability of CO2 is investigated for the Quest Carbon Capture and Storage (CCS) project in Alberta, Canada. 
This is completed by using Gassmann fluid substitution and elastic seismic modeling. The study indicates that for the period of 
one year injection, the location and spatial distribution of the CO2 plume could be detected in the seismic data. This is providing 
the data have good bandwidth and a high signal to noise ratio. However, pore fluid properties such as density, velocity, viscosity, 
and saturation are neglected in elastic modeling in spite of the reservoir rocks being porous media saturated with fluids. Another 
phase of the study includes developing a more accurate forward modeling algorithm that takes the fluid properties into account. 
For this purpose, the Biot’s equations of motion in poroelastic media are employed to develop a finite difference algorithm to 
simulate the wave propagation in poroelastic media. To examine the algorithm, a numerical example is defined based on the 
Quest project. The results reveal that the algorithm properly handles the layered models and thus can be used in the future to 
examine more complex models. This approach may also be better than elastic modeling for theoretical monitoring of CO2 since 
the reservoir fluid content is considered in the modeling process. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
Monitoring sequestered CO2 is necessary during the injection, closure, and post-closure phases in CCS projects. 
This is to ensure that the sequestered CO2 is stored permanently and there is no possibility of leakage. Seismic 
 
 
* Corresponding author. Tel.: +1-403-220-7715. 
E-mail address: smoradi@ucalgary.ca 
 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
4306   Shahin Moradi and Donald Lawton /  Energy Procedia  63 ( 2014 )  4305 – 4312 
methods are extensively used for monitoring purposes in CCS projects. Injecting CO2 into the storage formation 
leads to a decrease in compressional (P-wave) seismic velocity [1, 2]. The change in seismic velocity appears on the 
seismic data in the form of reflection time shifts and amplitude changes. These attributes make seismic methods 
valuable for tracking the injected CO2. To determine if the CO2 plume is detectable in the seismic data, time-lapse 
simulations are undertaken. The most commonly used method for seismic simulation is elastic modeling. However, 
although reservoir rocks are porous and saturated with fluids, pore fluid properties are neglected in elastic seismic 
modeling. The theory of poroelasticity has attracted a great deal of attention since it was introduced by Maurice Biot 
in the 1950s [3,4]. Wave propagation in poroelastic media is more complicated than elastic media due to the 
existence of pore fluid. The relative movement of the fluid with respect to the solid generates a secondary P-wave 
called "slow P-wave". This slow P-wave is strongly dissipative and travels with a velocity that is approximate to the 
wave velocity in the fluid. The numerical examination of Biot's theory has been undertaken through various methods 
[5]. For example, Zhu and McMechan [6] used the central-difference approximation to formulate the particle 
displacements, and others employed velocity-stress staggered-grid finite difference formulation [7-9]. 
In sections 2 and 3 of this article, an elastic time-lapse seismic analysis is carried out for a CCS project in 
Alberta, Canada. The synthetic seismic sections are generated by an elastic ray-tracing algorithm for both baseline 
and monitoring scenarios. The time-lapse difference of the two seismic sections is then produced to investigate the 
detectability of CO2 after one year of injection. In section 4, Biot’s theory of poroelasticity [3, 4] is reviewed, and a 
finite difference program is developed for modeling the wave propagation in fluid saturated media. This algorithm 
could be used in future time-lapse studies to simulate the seismic sections more accurately. This is important 
because in time-lapse studies, the fluid content of the reservoir rock changes with time.  
 
2. Quest Project 
Quest Carbon Capture and Storage is a joint CCS project among Shell Canada Energy and its partners. The 
purpose of this project is to reduce CO2 emissions from the Scotford upgrader by storing it into a deep geological 
formation. The location of the Scotford upgrader is about 5 km northeast of Fort Saskatchewan, within an industrial 
zone. The selected geological formation for the CO2 storage is Basal Cambrian Sands (BCS), which is a saline 
aquifer within the Western Canadian Sedimentary Basin (WCSB), at a depth of approximately 2000 m. BCS is 
suitable for permanent storage of CO2 since it is sealed from above by several aquitards, including thick salt layers. 
Furthermore, BCS has a porosity of 8-24% and a permeability of 1mD to > 1D which provides ideal conditions for 
storing CO2. The injection will aim to commence in 2015, depending on regulatory approvals. In this study, the data 
set from well SCL- 8-19-59-20W4 is used to make the time-lapse models. The location of this well is within the 
Thorhild County area, northeast of Edmonton, where the candidate injection wells are located [10]. 
3. Elastic Modeling 
Two coarse-layered models are built for the baseline and monitoring scenarios using the available data from well 
SCL-8-19-59-20W4. The focus is on BCS and the layers above and below this formation, because only these 
reflections are affected by CO2 injection and generate a time-lapse effect. The baseline model is 4000 m wide and 
2500 m deep, and consists of four layers: two upper layers, BCS, and the Precambrian basement, respectively from 
the top to the bottom. Seismic velocities and densities for each layer are extracted from the available log data 
(Figure 1). For the monitoring model, a CO2 plume is added to the baseline model within the BCS layer. The height 
of the plume is chosen to be the same as the BCS thickness (50 m), and the length is 700 m which is calculated 
based on the amount of CO2 injected in one year (1.2 million tonnes). This model represents a model of subsurface 
after one year of injection. The properties of the plume are calculated using Gassmann fluid substitution [1]. Both 
models are shown in Figure 2.  
The generated models are then used in the NORSAR2D software package to generate synthetic seismic data. The 
modeling algorithm is based on elastic ray-tracing method. This method calculates the wave-field based on a high 
frequency approximation of the wave equation [11]. 
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Fig. 1. Data from well SCL- 8-19-59-20W4: (a) density; (b) P-wave velocity; (c) S-wave velocity. The target zone of BCS is also shown at the 
bottom of each log. 
 
Fig. 2. The P-wave velocity of the Baseline (a) and Monitor (b) models. Colour bar shows velocity in m/s.  
Two zero offset seismic sections for the baseline and monitoring scenarios are generated in NORSAR2D. 
Coincident source and receiver pairs are placed along a line on the surface in constant intervals of 50 m. The source 
pulse is chosen to be a zero phase Ricker wavelet with the dominant frequency of 50 Hz. Both synthetic sections are 
displayed in Figure 3. Each trace represents the recorded signal by the receiver at the corresponding location. In the 
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baseline section (Figure 3(a)), no reflection is generated at the boundary between BCS and the upper layer due to the 
low velocity contrast. However, after injection (Figure 3(b)), the contrast increases and a reflection occurs at the top 
of the plume at the 1.03 s. Furthermore, in the monitoring section, right below the plume, at 1.06 s, the reflection 
from the top of the Precambrian basement is affected by the velocity decrease within the plume. This appears in the 
form of a time shift and amplitude change below the plume. By subtracting the monitor section from the baseline 
section, the CO2 plume could be detected in the differential section (Figure 3(c)). It is observed that the horizontal 
extent of the plume could be estimated with a good precision from the residual. Moreover, the top of the plume 
could be detected which is beneficial in revealing any possible leakage. This analysis is based on numerical 
modeling where the level of noise is assumed to be zero. This simulation shows that the injected CO2 for a one year 
period could be successfully detected on real seismic data, providing that the data have a high signal to noise ratio.  
 
 
Fig. 3. The generated zero offset seismic sections for the baseline scenario (a), and the monitoring scenario (b); and the difference between the 
two sections (c). 
4. Poroelastic Modeling 
4.1. Biot’s Theory 
The theory of poroelasticity was first stablished by Maurice Biot [3, 4] who made the following assumptions to 
derive the equations of motion in porous media [6]: 
x The rock frame is assumed to be elastic  
x The pores are connected so that the fluid could travel through the pore space 
x The seismic wavelength is much larger than the average pore size 
x The deformations are so small that the mechanical processes become linear 
x The medium is statistically isotropic  
 
In Biot’s theory, the rock is assumed to have two phases. One phase is the porous solid frame, and the other is the 
pore fluid. The relative movement of the fluid with respect to the solid generates a "slow P-wave" that leads to 
energy dissipation in the medium. Biot extended his theory to more general cases such as anisotropic porous media 
[12, 13]. However, the focus in this study remains on isotropic case. The partial differential equations for wave 
propagation in poroelastic media were also derived by Pride et al. [14] using direct volume averaging. The 
differential equations for the isotropic poroelastic media are: 
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where .ije u   is the solid strain, with u the particle displacement of the solid; .( )ij u UH    , with U  the 
particle displacement of the fluid.P  is the shear modulus and cO  is the Lame parameter of the saturated rock; D is 
defined by [1-(Kdry/Ksolid)], where Ksolid and Kdry are the bulk moduli of the solid and the dry rock frame. M is the 
coupling modulus between the solid and the fluid. V  is the solid particle velocity; W  is the particle velocity of the 
fluid relative to the solid. fU  and U are the densities of the fluid and the saturated rock. b is the fluid mobility and 
m is the effective density of the fluid. In the 2D case, equations (1) to (4) make a set of 8 coupled equations which 
can be solved using finite difference method. The unknowns are the solid stresses xxW , zzW  and xzW , the fluid 
pressure P, the solid particle velocities Vx and Vz, and the fluid particle velocities Wx and Wz. For more accuracy, a 
velocity-stress staggered-grid finite difference scheme is used for numerical modeling [7-9]. In this scheme the solid 
stresses xxW , zzW  and the fluid pressure P, are calculated on the regular grid. The other unknowns are calculated on 
the staggered grid where the grid points are shifted by half a grid size [15]. 
4.2. Numerical Modeling 
Equations (1) through (4) are programmed in MATLAB to simulate wave propagation in a homogenous, 
isotropic, poroelastic media. To examine this program, a numerical model is defined based on the available log data. 
The generated model consistes of two-layers: the upper layer, which represents BCS before injecting CO2, and the 
lower layer, which represents BCS after injection, with 40 % CO2 saturation. The purpose is to model the wave 
behaviour at the boundary of two rocks with the same solid properties but different fluid content, which is the case 
in most CCS projects. The physical properties of the two layer model are listed in Table 1. The size of the model is 
2000 m by 2000 m with a boundary at a depth of 1000 m.  
 
                Table 1. Physical properties of the two layer model used in the poroelastic algorithm 
Physical Properties Upper layer Lower layer 
Fluid density 1070(kg/m3) 973(kg/m3) 
Density of the saturated rock 2400(kg/m3) 2370(kg/m3) 
P-wave velocity of the saturated rock 4100(m/s) 3800(m/s) 
S-wave velocity of the saturated rock 2390(m/s) 2400(m/s) 
Porosity 16% 16% 
 
4310   Shahin Moradi and Donald Lawton /  Energy Procedia  63 ( 2014 )  4305 – 4312 
An explosive source with a dominant frequency of 50 Hz is located close to the boundary at (x, z) (1000, 850) 
m. The spatial and temporal samplings are 2 m and 0.2 ms, respectively. Figure 4(a) shows a snapshot of the vertical 
particle velocity of the solid generated by the poroelastic algorithm at a time of 0.22 s. In this example, the wave 
generated by the source is a P-wave. However, any P-wave could convert to another form of wave at the boundary. 
This is clear in Figure 4(a). The generated waves are:  
 
Pf: The fast P-wave generated by the source; 
PfPf: The Reflected fast P-wave from the boundary; 
PfS: The S-Wave converted from the fast P-wave; 
Ps: The slow P-wave; 
PfPs: The slow P-wave converted from the fast P-wave; 
PsPf: The fast P-wave converted from the Slow P-wave. 
 
To compare this algorithm with the elastic method, the porosities of both layers in the model are set equal to zero 
in order to perform elastic modeling. The calculated elastic snapshots are shown in Figure 4(b). It is clear that, in the 
elastic case, only Pf, PfPf, and PfS waves exist. Synthetic shot gathers are also generated by both algorithms (Figure 
5). A shot gather is a set of traces coming from a single source that are recorded by a collection of receivers. In this 
example the source is located 200 meters above the boundary and 100 receivers are located on a horizontal line 800 
meters above the source with 50 meters spacing. The difference between the two generated shot gathers is clear in 
this figure. 
  
 
Fig. 4. The solid vertical particle velocity snapshot calculated for the two layer model in table 1at the time 0.22 seconds: (a) Poroelastic 
modeling; (b) elastic modeling. The horizontal line at the depth of 1000m represents the boundary. 
The slow P-wave is dissipative and might not be detected in the real data. However, the presence of this wave 
leads to anelastic effects which decay the energy of the wave. Therefore, having a more accurate modeling 
algorithm, such as the poroelastic algorithm, could be useful in imaging the subsurface with more precision.  
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Fig. 5. Sample shot gathers generated by (a) poroelastic and (b) elastic algorithms. 
5. Conclusion: 
Time-lapse elastic modeling was undertaken to investigate the theoretical detectability of injected CO2 in a one 
year period in the Quest project in Alberta, Canada. The changes in the rock properties of the reservoir rock due to 
the injection of CO2 appeared in the monitoring synthetic seismic section. This effect was observed more clearly by 
subtracting the monitoring section from the baseline section. Based on these results the monitoring of CO2 after one 
year injection is feasible. Furthermore, a poroelastic modeling program was developed in which the fluid content of 
the reservoir was taken into account in the algorithm. The program matches the theory of poroelasticity well, and 
will be used for a more accurate time-lapse analysis in the near future. 
Acknowledgements 
We thank Carbon Management Canada (CMC) for financial support of this research and the CREWES project 
for extensive technical support. Hassan Khaniani, Peter Manning and Joe Wong, from CREWES, and also David 
Aldridge from Sandia National Laboratories are thanked for their helpful comments and discussions. 
References 
[1] Gassmann F. Über die elastizität poröser medien. Vierteljahrsschrift der Naturforschenden Gesellschaft in Zürich. 1951; 96: 1–23. 
[2] Smith TM, Sondergeld CH, Rai SC. Gassmann fluid substitutions: A tutorial. Geophysics. 2003; 68(2): 430-440. 
[3] Biot MA. Theory of propagation of elastic waves in a fluid-saturated porous solid. 1. Low-frequency range. J. Acoust. Soc. Am. 1956; 28: 
168–178.  
[4] Biot MA. Theory of propagation of elastic waves in a fluid-saturated porous solid. 2. Higher-frequency range. J. Acoust. Soc. Am. 1956; 28: 
179–191.  
[5] Carcione JM, Morency C, Santos JE. Computational poroelasticity - A review. Geophysics. 2010; 75(5): A229–A243. 
[6] Zhu X, and McMechan A. Numerical simulation of seismic responses of poroelastic reservoirs using Biot’s theory. Geophysics. 1991; 56(3): 
328–339. 
[7] Dai N, Vafidis A, Kanasewich E. Wave propagation in heterogeneous porous media: a velocity-stress finite-difference method. Geophysics. 
1995; 60: 327–340. 
[8] Sheen DH, Tuncay K, Baag C, Ortoleva P. Parallel implementation of a velocity-stress staggered-grid finite-difference method for 2-d 
poroelastic wave propagation. Comput. Geosci. 2006; 32: 1182–1191. 
4312   Shahin Moradi and Donald Lawton /  Energy Procedia  63 ( 2014 )  4305 – 4312 
[9] Zeng Y, Liu Q. The application of the perfectly matched layer in numerical modeling of wave propagation in poroelastic media. Geophysics. 
2001; 66(4): 1258–1266. 
[10] Shell Canada[homepage on the internet]. Available from: http://www.shell.ca/en/aboutshell/our-business-tpkg/upstream/oil-sands/quest.html 
[11] Cerveny V. The application of ray tracing to the numerical modeling of seismic wave-fields in complex structures. Handbook of 
Geophysical Exploration. 1985; 15: A1-A124. Geophysical Press. 
[12] Biot MA. Theory of elasticity and consolidation for a porous anisotropic solid. J. Appl. Phys. 1955; 26: 182–185. 
[13] Biot MA. Theory of deformation of a porous viscoelastic anisotropic solid. J. Appl. Phys. 1956; 27: 459–467. 
[14] Pride SR, Gangi A, Morgan F. deriving the equations of motion for porous isotropic media. J. Acoust. Soc. Am. 1992; 92: 3278–3290. 
[15] Levander AR. Fourth order finite-difference p-sv seismograms. Geophysics. 1988; 53(11): 1425–1436. 
